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ABSTRACT

Thermal annealing of chemical vapor deposition (CVD)-grown carbon nan-
otubes (CNTs) is a practical method for reducing defects in CNTs, which is
essential for promoting applications of CNTs in nanoscale or microscale mate-
rials. However, the increase in annealing temperature fails to bring noticeable
improvements in the tensile properties of CNTs, implying the negative influence
of carbon sublimation on the defect healing process. Here we propose a two-step
annealing strategy for improving the microstructure and tensile properties of
CVD-grown CNTs. This has been achieved through the epitaxial growth of
pyrolytic carbon thin layers at the CNT surface and then followed by graphi-
tization treatment at 2200 °C for 1 h. Tensile performances of two-step annealed
CNTs have been investigated by in situ tests in a scanning electron microscope.
The results show that the average Young’'s modulus and fracture strength of
two-step annealed CNTs are improved approximately by 35% and 10%,
respectively, compared to those of one-step annealed CNTs. Such an enhance-
ment can be ascribed to the well-aligned CNT walls with fewer structural
defects, supported by the characterization results from transmission electron
microscope, X-ray diffraction and Raman spectroscopy. The two-step annealing
strategy developed in this study for improving the mechanical properties of
CNTs is expected to be applicable to a practical fabrication process.
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GRAPHICAL ABSTRACT

Pristine

Thin-walled CNT with
defective voids

small carbon clusters C, (n=1,2,3...)

——— pyrolytic carbon layers

— initial CNT walls

Pristine-G

2200°C-1h

\
Adsorption of carbon clusters PyC-G X
~ ~— e ¥ s & = < '—— "

Graphitized-CNT without PyC coating ,
(Pristine-G-CNT) ¥
crystallite geometry
" L. -
PyC (002) =L,
Pyrolysis of C,H, at 700°C L e100) !
v

200°C-1h

Epitaxial PyC-coated CNT
(700PyC-CNT)

Graphitized-PyC-coated CNT
(700PyC-G-CNT)

Introduction

Carbon nanotubes (CNTs) are predicted to have
unparalleled tensile strength (100 GPa) and Young's
modulus (1 TPa) due to the strong cohesive force of
C-C covalent bonds [1]. In the past two decades,
chemical vapor deposition (CVD)-grown CNT arrays
have attracted great attention due to their unique
spinnability [2, 3] and large yields [4]. However, there
is a common understanding that the quality of CVD-
grown CNTs is inferior to that of arc discharge (AD)-
grown CNTs because the former usually has a higher
degree of disorder compared to the latter [5]. CNT
strength may significantly decrease by 26-50% due to
the influence of defects, supported by experiments
and simulation studies [6, 7]. Thus, a cost-effective
method to remove the inherent defects in CVD-
grown CNTs is always being sought after in order to
improve the mechanical properties of CNTs.

To produce nanotubes with fewer defects, some
important reasons for the annealing of CVD-grown
CNTs are reviewed below. The typical CVD synthesis
temperature is lower than 1000 °C [8], obviously
different from that of arc discharge growth (~ 3000
°C). Naturally, furnace annealing of CVD-grown
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CNTs at graphitization temperatures (> 2150 °C) has
been suggested as the prevalent method for defect
healing. Meanwhile, annealing can remove catalyst
particles and convert carbonaceous impurities into
highly crystalline materials, which may decrease the
possibility of introducing additional defects in the
CNT microstructure compared to other purification
methods (e.g., sonication, selective oxidation, acid
etching) [9].

However, there is still a lack of understanding of
the microstructure-tensile property relationship of
annealed CVD-grown CNTs. Shirasu et al. [10] eval-
uated the tensile properties of CNTs (outer diame-
ter ~ 40 nm) that were thermally annealed at 2900
°C, but the results showed only a minor improvement
compared to those of Pristine-CNTs. Therefore, if
thermal energy is the only dominating factor for
defect healing, why does the tensile strength of CVD-
grown CNTs annealed at extremely high tempera-
tures not significantly improve to approach the
strength of AD-grown CNTs? Previous studies
reported that some gross defects, e.g., sharp kinks
[11], chasm-like voids [12, 13], discontinuous flaws
[14] might remain even after annealing at 3000 °C,
which may explain the absence of noticeable
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improvements in tensile properties. Besides, during
the annealing of thin-walled CNTs (outer diame-
ter < 25 nm), some special phenomena have been
reported: (1) In situ TEM joule heating experiment
observed the peeling of CNT outer walls at over 2000
°C [15]; (2) ex situ experiments showed that some
inner tubes of multi-walled CNTs disappeared or
collapsed after annealing [16, 17], forming a large
hollow core. The above clues imply one factor that we
may have neglected—sublimation of carbon atoms at
the temperature that is close to or even higher than
the premelting point of defective CNTs (~ 2300 °C
[18]. Therefore, the structural evolution of thin-wal-
led CNTs is possibly sensitive to the carbon subli-
mation during the graphitization process, which
inevitably influences the defect healing effect and the
resulting mechanical strength.

Inspired by the above idea, we suggest a two-step
annealing strategy for improving the quality of CVD-
grown CNTs. First, we deposit epitaxial pyrolytic
carbon (PyC) layers onto the surfaces of defective
CNTs to supply carbon sources. The second step is to
anneal PyC-coated CNTs at graphitization tempera-
tures. Given enough thermal energy, epitaxial PyC
deposits may be “digested” to compensate for the
carbon sublimation; meanwhile, the migration of
pyrolytic carbon atoms can facilitate the structural
annealing of CNTs. We have conducted a compre-
hensive material characterization (TEM, XRD,
Raman) and in situ SEM tensile tests for CNTs. We
have discussed the fitting between the fracture
strength (Young’s modulus) and the in-plane crys-
tallite size calculated from the Raman D/G intensity
ratio, to reveal the microstructure-tensile property
relationship of annealed CVD-grown CNTs. To the
best of our knowledge, only few groups [19-21] are
focusing on the experimental tensile properties of
CVD-grown CNTs compared to the extensive studies
[22-27] of AD-grown CNTs. We demonstrate the
usefulness of the two-step annealing method to
improve the crystallinity and mechanical properties
of CNTs, on the basis of the structural parameters
evaluated by the various characterization techniques.

Experimental procedure

CVD-grown thin-walled carbon nanotube sheets
(LINTEC OF AMERICA, INC., Nano-Science &
Technology Center) were used as a Pristine-CNT
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sample in this study. The outer diameter of CNTs
is ~ 10 nm, and the size of the CNT sheets is
approximately 50 mm x 20 mm x 10 um with 50
stacking layers. To deposit pyrolytic carbon (PyC)
onto CNT surfaces, the CNT sheets were placed in a
quartz tube reactor for the pyrolysis of ethylene
(C;Hy). The furnace temperature was heated to
700 °C in 20 min in vacuum, then C,H, (100 sccm)
and argon (400 sccm) were introduced, and the total
pressure in the reactor chamber was kept at 2.5 kPa
for 30 min. After pyrolysis, the reactor was purged
with flowing argon (800 sccm) and cooled down to
room temperature. Because of the highly porous
nature of CNT sheets drawn from arrays, the spacing
between intertube voids was reported to be hundreds
of nanometers [28]. Thus, the penetration of ethylene
molecules inside the CNT sheets during the pyrolysis
is considered to be sufficient for the carbon supply.

PyC-coated CNT sheets were subjected to further
heating in an electric resistance furnace (Thermocera,
TCF-C500) for graphitization treatment. The follow-
ing heating steps were applied: 20 °C/min from room
temperature to 1400 °C, 10 °C/min from 1400 to 2200
°C, keeping 2200 °C for 60 min and then cooling
down. The whole process was conducted under
highly pure (99.9999%) argon flowing at the rate of
1000 sccm. The CNT sheets were annealed within the
isothermal zone of the furnace (70 mm x 70 mm x
100 mm). As a control group, the graphitization of
Pristine-CNT sheets was conducted under argon
atmosphere using the identical heating steps. The
masses of CNT sheet samples were measured with an
analytical balance (A&D, BM-252) with readability to
0.01 mg.

XRD was performed using an X-ray diffractometer
(Rigaku, SmartLab) with a Cu Ko target
(A =0.154 nm), and the continuous scan (0.5°/min)
was conducted in the range between 15 and 50°.
Raman spectra were obtained by a spectrometer
(Chromex, Inc250) with the laser excitation wave-
length of 532 nm. Raman measurements (50 x mag-
nification) were carried out under ambient
conditions, and at least 9 points were measured in
different locations across each CNT sample.

TEM samples were prepared by dispersing a small
amount of CNTs in ethanol solution, and then, soni-
cation lasted only for 1 min to avoid possible dam-
ages. A droplet of dispersed nanotubes was
deposited on a copper TEM grid, and CNT mor-
phology was observed using TEM (JEOL, JEM-2100)
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under 200 kV at an exposure time of less than 1.5 s.
To calculate the average diameter of each sample,
nearly 100 measurements were taken from high-
magnification (1500 k x) TEM pictures using an
image processing software (Image]). We also per-
formed a fast Fourier transformation (FFT) analysis
along the nanotube axis using high-magnification
(1500 k x) TEM images to obtain electron diffraction
patterns. Based on the azimuthal intensity variation
analysis [29], at least 50 random CNT segments from
each sample were analyzed to calculate the average
misalignment angle of CNT walls relative to the tube
axis.

In situ tensile tests of individual CNTs were con-
ducted with a nanomanipulator inside the SEM
chamber (JEOL, JSM-6510). During the tests, a can-
tilever connected with one nanotube moved upward
to initiate the tension until the failure. The principle
of the tensile method was firstly reported by Yu et al.
[26], and our previous work has summarized the
details of the test procedures employed in this study
[30]. In brief, atomic force microscopes (AFM of PPP-
NCL, force constant of 4.4-5.2 N/m; and AFM of
PPP-CONTR, force constant of 0.18-0.44 N/m)
served as force sensors. An individual CNT was
clamped onto the cantilever tip by electron beam-in-
duced deposition of carbonaceous materials. The
tension force applied to the nanotube was calculated
from the deflection of the cantilever tip, and the tube
elongation was determined by counting the pixel
number in acquired SEM videos. After the tensile
tests, CNT fragments would remain on the cantilever
tip, which was later transferred to the TEM sample
stage (Hitachi, HF-2000) to observe the fracture
morphology. The fractured cross-sectional area for
each broken CNT was calculated from the precisely
measured tube diameter instead of the average tube
diameter from a group of CNTs.

Results and discussion

The Pristine-CNT samples used in this study show
irregular lattice fringes with defective voids (marked
by red circles in Fig. 1a), indicating their low crys-
tallinity. To obtain the best morphology of epitaxial
PyC layers at the CNT surface, we conducted a series
of ethylene (C,H,) pyrolysis treatment of Pristine-
CNTs at 700 °C, 800 °C, 900 °C, 1000 °C, respectively
(keeping ethylene partial pressure and treatment
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time identical). The morphologies of PyC-coated
CNTs at different pyrolysis temperatures are shown
in Fig. S1. When the pyrolysis temperature increases,
PyC-coated CNTs evidently become thicker. How-
ever, the disorder degree of deposited PyC layers
seems to increase with the pyrolysis temperature.
Thus, we choose to obtain epitaxial PyC-coated CNTs
via C;Hy pyrolysis at 700 °C under the partial pres-
sure of 500 Pa for 30 min, named as 700PyC-CNTs
hereinafter. For 700PyC-CNTs, it is difficult to dis-
tinguish new carbon layers from the initial CNT walls
except for some wrinkled graphene flakes (marked
by the white arrows in Fig. 1b). The growth mecha-
nism of thin PyC layers in this study may be different
from the report by Monthioux et al. [31], in which
hydrocarbon droplets are formed in the bulk gas
phase and then depositing onto CNTs under high
temperatures (1100-1295 °C) and high pressures
(~ 100 kPa). Presumably the growth of thin PyC
layers might initiate with the adsorption of small
carbon clusters onto the active sites (e.g., vacancies)
of CNT surfaces, which is partially similar to the
formation of lateral carbon deposits reported by
Kuznestov et al. [32]. The growth kinetics under our
pyrolysis conditions (low-temperature and low-
pressure) will be described in our companion paper
to discuss the effect of active sites on the PyC depo-
sition at the CNT surface. Most importantly, epitaxial
PyC thin layers with a rough laminar structure
(partially aligned graphene flakes along the nanotube
length) can serve as the foundation of “graphitizable”
PyC-coated CNTs.

Graphitization of Pristine-CNTs was conducted at
2200 °C for 1 h, named as Pristine-G-CNTs here-
inafter. Pristine-G-CNTs exhibit a clean surface
(Fig. 1c), but some sharply kinked walls may still
exist (marked by yellow dashes). The typical mor-
phology of discontinuous flaws at the inner walls is
shown in Fig. S2. This observation is in line with the
previous literature that reported the formation of
discontinuous inner layers in annealed CNTs [33]. In
contrast, highly crystalline nanotubes with straight
lattice fringes (Fig. 1d) were obtained by graphitiza-
tion of 700PyC-CNTs at 2200 °C for 1 h (named as
700PyC-G-CNTs hereinafter). Marked by the white
arrow in Fig. 1d, the closed cap at the tube end shows
a high stacking order.

A common approach to characterize the crystallite
dimensions of CNTs is the X-ray diffraction. The
spectra in Fig. 2a show (002) peaks at 26.00-26.40°
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Figure 1 TEM images of
CNT samples at different
treatment stages: Pristine-
CNTs (a); PyC-coated CNTs
via C,H, pyrolysis at 700 °C—
500 Pa-30 min (b), the
magnified inset in (b) shows
the deposited graphene flakes;
Pristine-CNTs after
graphitization (c); 700PyC-
CNTs after graphitization (d).
The histogram distribution of
CNT diameters is shown in
Fig. S3.
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Figure 2 XRD patterns (a) and Raman spectra (b) of Pristine- and 700PyC-CNTs before and after graphitization at 2200 °C for 1 h.

and broad (100) peaks at 42.90-43.20°. The average
crystallite thickness (L) or crystallite size (L,) can be
calculated from the full width at half-height of (002)
or (100) peaks, respectively [34]. The (002) peak of
annealed nanotubes (Pristine-G- and 700PyC-G-
CNTs) shifts to higher angles compared to that of

pristine ones, leading to a decrease in the interlayer
spacing dooz [35]. In contrast, we note that the dgp, of
700PyC-CNTs is significantly increased to 3.43 A
(listed in Table 1), probably indicating the tur-
bostratic propensity of as-deposited pyrolytic carbon
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Table 1 Structural parameters of CNTs, including interlayer spacing (dgo»), crystallite thickness (L.), crystallite size (L,) by XRD;

integrated intensity ratio (Ip/I¢), full width at half-maximum of G-peak (G-FWHM), in-plane crystallite size (L,~) through Cancado’s

equation [38] from Raman spectra; misalignment angle (0) between CNT walls and the tube axis by FFT azimuthal scan of (002)

diffraction arcs

CNT sample XRD Raman FFT
dooa (A) L. (nm) L, (nm) Ip/lg G-FWHM (cm™") L} (nm) 0 ()
Pristine 3.40 2.90 4.16 0.85 58.92 23 16.43
Pristine-G 3.38 3.19 7.82 0.36 40.25 54 13.38
700PyC 3.43 3.14 7.73 0.75 59.57 26 16.20
700PyC-G 3.38 3.73 9.15 0.32 34.57 60 10.69

layers, which is compatible with the XRD results by
Faraji et al. [36].

The first-order Raman spectroscopy was conducted
for each CNT sample. G-peak (1580 cm™") originates
from sp® carbon networks while D-peak (1350 cm ™)
arises from structural defects; thus, the D/G intensity
ratio can be applied as an indicator of defect density
[37]. The normalized spectra (Fig. 2b) clearly show
the difference in the D-peak height of 700PyC-G-
CNTs compared to that of the other samples. By
using Cancado’s empirical equation of nanographite
[38], we can roughly estimate the in-plane crystallite

-1
size in CNTs (LR =24x1070x 2, x () ),

where Ajser is the wavelength of the laser source.
From Table 1, the intensity ratio (Ip/Is) of 700PyC-G-
CNTs is lower than that of Pristine-G-CNTs, leading
to a larger L," that is consistent with our XRD results.
The full width at half-maximum of G-peak (G-
FWHM) of 700PyC-G-CNTs is much smaller than
that of the other samples, indicating that two-step
annealed CNTs possess the highly graphitic
microstructure. The mechanism will be discussed
later. Besides, the Ip/Ig of 700PyC-CNTs has slightly
decreased relative to that of Pristine-CNTs. Such a
phenomenon that occurred in PyC-coated CNTs was
rarely reported except Kuznetsov’'s research [39],
which explained the decreased Ip/I; as the result of
dangling bond saturation at the open edge of gra-
phene. Similarly, the adsorption of carbon clusters
during the growth of thin PyC layers may fill in some
vacancy sites at the CNT surface, inducing the
decrease in Ip/Ig.

As a practical method to evaluate the straightness
of CNT walls [40], a fast Fourier transform (FFT)
analysis of individual CNTs was performed along the
tube axis. Typical diffraction patterns of each sample
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are given in Fig. 5S4, in which we notice sharp (002)
spots or blurred (002) arcs due to the crystallinity
difference. The azimuthal intensity variation is plot-
ted and fitted with a Gaussian function (one example
is shown in Fig. S5). One-half of the peak width at the
half-height of the azimuthal peak GFWHM) can
indicate the misalignment angle 0 of CNT walls rel-
ative to the tube axis [41]. According to the last col-
umn in Table 1, the alignment of the graphitic layers
in 700PyC-G-CNTs is better than that in Pristine- and
Pristine-G-CNTs.

From the above characterization results, we sug-
gest that the structural evolution of 700PyC-G-CNTs
should differ from that of Pristine-G-CNTs, mainly
revealed by larger crystallite sizes and a smaller
misalignment angle between CNT walls and the tube
axis. Therefore, Fig. 3 illustrates the possible differ-
ences in the graphitization mechanism between one-
step annealed CNTs (Pristine-G) and two-step
annealed CNTs (700PyC-G).

The previous study [12] indicated that annealing of
CNTs could repair internal defects and the defect
healing effect strongly improves with the increasing
annealing temperature. But some gross defects
(kinks, voids, discontinuous flaws) may be difficult to
be removed even at extremely high temperatures
(~ 3000 °C), which is probably resulted from the
influence of carbon sublimation. In theory, the
increasing heat energy of atomic lattices under
graphitization temperatures (> 2150 °C) brings sig-
nificant thermal agitation and causes the sublimation
of some carbon atoms from the original lattice for a
more entropic benefit in the gas state. However,
numerical simulations [42] have shown that the
location of carbon loss is not random. If Pristine-
CNTs with voids (vacancies) are annealed above 2150



J Mater Sci (2021) 56:19015-19028

Figure 3 Illustration of the
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°C, some carbon atoms may be sublimated through
the lowest energy channel, which was reported to
correlate with the shuttling or spiral movement of
topological 5/7 pairs [43]. Note that the sublimation
discussed in this paper refers to the ejection of carbon
atoms from the defective graphene lattice. We infer
that some of the sublimated carbon atoms may return
and then diffuse to the energy favorable sites on CNT
surfaces as a result of atomic collisions, but the rest of
them may be carried away by the flowing argon.
According to Huang et al. [44], the sublimation pro-
cess can heal vacancies but tends to form kinks in
CNT walls. The atoms around the kinked location
may be heavily stressed because the graphene lattice
is warped. Presumably the relief of internal stress
generated by kinked walls might induce new types of
structural defects such as interlayer detachment.
Therefore, the detachment of innermost one or two
graphene layers from the other layers may explain
the discontinuous layers at the inner walls of Pristine-
G-CNTs (as illustrated in Fig. 3).

Next, the structural evolution of two-step annealed
CNTs (700PyC-G) is explained. During the first step
(pyrolysis), small carbon clusters (C,,) are one of the
products from the decomposition of ethylene [45].
Then the growth of PyC layers initiates with the
adsorption of carbon clusters onto the vacancy sites
at the CNT surface, and the supplied carbon clusters
may interact with vacancies to form adatom—vacancy
pairs between adjacent graphene layers [46]. During

Epitaxial PyC-coated CNT
(700PyC-CNT)

Graphitized-PyC-coated CNT
(700PyC-G-CNT)

the second step (graphitization), the self-diffusion
rate of carbon dramatically increases when the tem-
perature rises above the Debye temperature of gra-
phite (2000 K) [47]. The thermally induced motion of
carbon atoms at the interface between CNT walls and
PyC layers was reported [48] to decrease the activa-
tion energy for the phase transition from turbostratic
carbon into graphitic carbon. Presumably the carbon
atoms from the outer PyC coating may diffuse along
the axial or radial direction of nanotubes, and such an
atomic migration can promote their incorporation
into the defective graphene lattice [49], leading to the
reconstruction of CNT walls (as illustrated in Fig. 3).
Distinct from the one-step annealing without carbon
supplying, our two-step annealing strategy firstly
masks the vacancies on CNT surfaces by the
graphitizable PyC deposits, which can facilitate the
defect healing at high temperatures [50]. To sum-
marize, the structural evolution from 700PyC- to
700PyC-G-CNTs is a stepwise regrowth process of
graphitic crystallites: (1) straightening the wrinkled
graphene flakes; (2) healing discontinuous CNT walls
assisted by the migration of pyrolytic carbon atoms;
(3) increasing the crystallite dimensions and
decreasing the misalignment angle between CNT
walls and the tube axis.

For a measure of the carbon sublimation loss, we
conducted a gravimetric examination of Pristine-,
Pristine-G-, 700PyC-, 700PyC-G-CNT  sheets
(Table S1). The results show that the Pristine-G-CNT
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sheet loses 3.6% of its mass compared to the pristine
sheet. In comparison, the mass of the 700PyC-CNT
sheet after the pyrolysis step has increased by 5.3%
compared to that of the pristine sheet; after the
graphitization step, the mass of the 700PyC-G-CNT
sheet is still 1.3% higher than that of the pristine
sheet, clearly demonstrating that the deposited PyC
during the pyrolysis step can compensate the carbon
sublimation loss at graphitization temperatures.
During the graphitization of PyC-coated CNTs, we
infer that some carbon atoms from the outer PyC
layers may also be sublimated, but it can inhibit the
carbon loss from the inner CNT walls.

Since 700PyC-G-CNTs exhibit the improved struc-
tural parameters (wall straightness and crystallite
size) compared to Pristine-G-CNTs, then we examine
the differences in the tensile properties between two-
step annealed CNTs and one-step annealed CNTs.
In situ tensile tests for the CNTs were conducted in
SEM using AFM cantilevers and the nanomanipula-
tor. Here we compared the currently available data
from 35 individual nanotubes (Pristine, Pristine-G,
700PyC, 700PyC-G). Tensile results for each fractured
nanotube are summarized in Table 2, including outer
and inner diameter, breaking forces, failure strains,
etc. The fracture strength of CNTs is calculated by
dividing the breaking force by the cross-sectional
area of all the broken walls, full details of the calcu-
lation method can be found in our previous review
[30].

The average values and standard deviations of the
fracture strength and Young’s modulus are plotted in
Fig. 4a. 700PyC-G- and Pristine-G-CNTs both exhibit
a higher average value for Young's modulus and
fracture strength relative to those of Pristine-CNTs.
Notably, the Young’'s modulus of 700PyC-G-CNTs is
significantly higher than that of Pristine-G-CNTs.
With regard to the fracture strength, the lower bound
of strength for 700PyC-G-CNTs is close to the average
value of Pristine-CNTs. The fracture strength of
700PyC-CNTs seems to be lower than that of Pristine-
CNTs. The possible explanation is that the tur-
bostratic propensity of PyC deposits might induce
the weak strength of the outermost PyC layer and
then premature failure occurs [7].

Klein et al. [51] proposed that the two-parameter
Weibull distribution can be applicable to the strength
data of the CNTs with roughly similar surface areas
(zDL). The equation can be written as:
In(—In[1 — P¢(0)]) = BIn(c) — fln(x), where P¢(o) is
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the cumulative failure probability, ¢ is the fracture
strength, « and f are the Weibull scale parameter and
shape parameter, respectively. (The complete
derivation and analysis are given in Supplementary
Information, Table S3.) Accordingly, we plot the
Weibull distribution of the fracture strength from
Pristine-, Pristine-G-, 700PyC-G-CNTs (Fig. 4b).
Three fitted lines (regression coefficient > 0.86) have
captured the general trend of our strength data, in
which the Weibull shape parameter can be obtained
from the line slope. Pristine-CNTs exhibit a low
shape parameter (fp ~ 1.8), suggesting a large vari-
ability in tensile strength. In contrast, the larger shape
parameters for 700PyC-G (fic.c ~ 3.1) and Pristine-G
(fp-c ~ 2.9) indicate their reduced strength scatter-
ing, which can be ascribed to the decreased defect
density after graphitization. Thus, 700PyC-G-CNTs
exhibit the improved strength reliability compared to
Pristine-CNTs. Gao et al. reported [52] that the large
variability in CNT strength may have a strongly
negative effect on the mean strength of CNT yarns
because of the irregularly distributed load sharing
between each nanotube.

Typical SEM and TEM images of CNTs before and
after tensile testing are collected. The typical fracture
behavior for Pristine-G samples is the “sword-in-
sheath” (Fig.5a, b), while Pristine- and 700PyC-CNTs
usually fail in the “clean break” (Fig. S6a-c). The
prevalent fracture behavior of 700PyC-G is close to
that of Pristine-G (Fig.5c, d) because the sword part of
CNT fragments can be observed in the inset of
Fig. 5d. However, we also notice one special case of
700PyC-G (Fig.5e, f): its sword part after failure is
absent in SEM images, and the “clean break” is con-
firmed by TEM (inset of Fig. 5f). We found only two
samples with the “clean break” among 10 tested
700PyC-G-CNTs. The different fracture behaviors of
nanotubes can be explained by the cross-linking level
(interwall sp® bonds) between CNT walls [53]. For
Pristine-CNTs with vacancies, dangling bonds
around the vacancy edge might induce the interwall
bonding, which is beneficial to the load transfer and
the “clean break” fracture [54]. For Pristine-G-CNTs,
the graphitization process promotes the microstruc-
tural reorganization and eliminates vacancies;
meanwhile, it may be accompanied by the reduction
of interwall bonds in CNTs, causing the “sword-in-
sheath” fracture [20]. For 700PyC-G-CNTs, the
pyrolysis step induces the adsorption of carbon
clusters onto defective CNT surfaces (adatom-
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Table 2 Tensile data of individual CNT samples. Values shown are
outer and inner diameters (D and d), gauge length (L), breaking force
(Fp), Young’s modulus (Ey), fracture strength (o), failure strain (g). The
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statistical analysis of Erand ¢ with the 95% confidence level is offered

in Supplementary Information (Table S2)

Type No D, d (nm) L (um) F, (nN) Ef (GPa) Mean E; (GPa) o (GPa) Mean ¢ (GPa) e (%)
Pristine P-1 7.3, 4.0 4.8 290 292.5 2053 £ 97.0 10.0 13.9 £ 9.6 3.4
P-2 5.4,2.0 0.9 270 199.2 13.7 6.9
P-3 5.1, 1.7 1.6 140 154.3 7.9 52
P-4 6.4,2.5 1.7 840 332.1 30.9 9.0
P-5 6.8, 3.8 1.4 780 230.0 31.8 13.3
P-6 7.8, 3.7 1.8 460 360.8 12.7 33
P-7 7.0, 3.0 2.4 220 116.3 7.0 59
P-8 6.7,3.3 0.9 250 100.9 9.2 9.1
P-9 9.5,4.1 1.1 590 179.5 10.4 5.8
P-10 9.5, 4.5 0.9 260 87.0 49 59
Pristine-G P-G-1 6.1, 4.1 2.1 252 4332 2219 £ 86.9 20.1 174 £ 7.0 4.6
P-G-2 8.5,4.5 0.8 259 180.9 12.5 6.0
P-G-3 7.2,4.5 0.7 412 212.0 16.3 7.9
P-G-4 7.7, 4.6 2.5 375 239.2 17.8 6.7
P-G-5 83,34 22 295 140.5 17.3 11.9
P-G-6 7.7, 3.5 1.0 321 135.1 9.3 6.3
P-G-7 8.6, 4.0 1.5 285 162.8 9.0 5.4
P-G-8 87,44 1.7 476 278.1 31.1 10.2
P-G-9 9.3,4.0 0.4 488 234.2 25.9 10.1
P-G-10 7.3,3.5 1.6 385 203.3 14.3 7.2
700PyC C-1 9.4,3.9 1.4 808 295.1 201.8 £ 100.9 14.1 102 £ 43 43
C-2 10.1, 4.0 0.6 574 117.0 8.5 6.6
C-3 7.7,3.4 0.3 388 92.7 5.6 6.2
C-4 8.0, 3.7 0.7 558 189.5 7.4 4.7
C-5 7.9, 3.5 1.7 550 314.7 15.4 3.8
700PyC-G C-G-1 10.5, 4.4 1.3 715 254.8 294.9 £ 100.0 10.7 18.7 £ 6.2 4.6
C-G-2 9.6,2.4 1.6 466 336.2 28.8 8.7
C-G-3 9.7, 4.1 1.5 585 435.1 20.5 5.1
C-G-4 8.0, 2.7 1.7 293 411.8 222 5.7
C-G-5 9.0, 3.2 0.8 483 196.5 11.2 5.7
C-G-6 9.6, 3.4 0.9 1299 270.3 20.8 7.8
C-G-7 9.1, 4.8 2.1 940 373.4 20.2 5.3
C-G-8 8.8, 4.1 1.4 480 156.6 10.1 6.7
C-G-9 11.0, 3.6 0.7 485 344.0 24.0 7.4
C-G-10 8.0,2.2 0.4 852 170.6 18.8 11.8

vacancy recombination); however, the subsequent
graphitization step may remove some sp’-bonded
atoms between CNT walls. Interestingly, the exis-
tence of the “clean break” in 700PyC-G samples
implies that some interwall bonds (e.g., sp>-sp> cross-
links) may remain in the two-step annealed CNTs.
The nominal strength of CNTs based on their
whole cross-sectional area may be important for the
design of CNT reinforced composites, which is
affected by the fracture strength and the CNT

fracture behavior (interwall load transfer) [30]. From
Table 54, 700PyC-G-CNTs exhibit a higher nominal
strength and nominal modulus (10.4 &+ 4.6 GPa,
161.6 = 64.0 GPa) compared to Pristine-G-CNTs
(83 +22 GPa, 111.1 & 43.6 GPa). However, the
nominal strength and modulus of 700PyC-G-CNTs
are still comparable to those of Pristine-CNTs
(10.8 £ 7.3 GPa, 161.5 &+ 75.4 GPa), probably because
most 700C-G-CNTs exhibit the “sword-in-sheath”
fracture rather than the “clean break.” The nominal
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I Fracture strength 25
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S
Fracture strength (GPa)

Young's modulus (GPa)

Pristine-G

700PyC

Pristine 700PyC-G

Figure 4 Fracture strength and Young’s modulus of Pristine-,
Pristine-G-, 700PyC-, 700PyC-G-CNTs (a); the two-parameter
Weibull strength distribution of Pristine-, Pristine-G-, 700PyC-G-

Figure 5 SEM pictures of
Pristine-G-CNTs before
tension (a) and after tensile
failure (b); SEM pictures of
700PyC-G-CNTs before
tension (c, e) and after tensile
failure (d, f), the inset in (b, d,
f) shows the fractured
morphology of CNTs obtained
by TEM.
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strength of two-step annealed CNTs is expected to be
further improved after forming more interwall cross-
links, e.g., by increasing the carbon supplying time
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during the pyrolysis step or by adjusting the
annealing temperature during the graphitization
step.
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For nanographite-based materials including CNTs,
the Raman D/G intensity ratio can evaluate the in-
plane crystallite size (L,%) of a finite graphitic crystal.
This universal method was initiated by Tuinstra and
Koenig [55] for a calculation of graphene domain
sizes. Here we suggest that the physical concept of
L,® can be extended to the length of defect-free lattice
fringes in CNTs (characteristic coherence length) [56],
which actually reflects the size of homogenous
vibrational domains [57]. In other words, L,} can
estimate the average separation distance between
significant structural defects (e.g., kinks, voids, flaws)
along the nanotube length [37], so the linear defect
density along the CNT length should be proportional
to 1/L,%. The semilogarithmic fitted line between
and L,® is shown in Fig. S7a. It is reasonable that the
fracture strength generally improves with an
enlarged L,%, indicating that a smaller linear defect
density along the CNT walls can contribute to the
higher . Some numerical simulations [58, 59] have
shown that the existence of kinks or discontinuous
flaws along the CNT walls may induce the stress
concentration and the resulting fracture. The fitted
line between Young’s modulus and L,® is shown in
Fig. S7b. The general trend between the two has been
approximated by a linear relationship. Indeed, the
higher Young’s modulus can be ascribed to the lower
disorder degree (larger L,%) in the CNT microstruc-
ture. Moreover, the experimental values of LR shown
in Table 1 are observed to have some correspondence
with the L, and L. from XRD, and the 6 from FFT
analysis. Thus, we used the LuR as a representative
parameter with regard to the degree of defect den-
sities to characterize the nanostructure of the CNTs
tested in this study.

As shown above, two-step annealed CNTs
(700PyC-G) show the increased in-plane crystallite
size (L,) compared to one-step annealed CNTs
(Pristine-G). Also, 700PyC-G-CNTs with the lower
density of structural defects exhibit the improved
tensile properties compared to Pristine-G-CNTs. It
can be explained by straightening CNT walls and
merging discontinuous graphene domains, which is
facilitated by epitaxial PyC layers as the carbon
supplying source during the high-temperature
graphitization step. Therefore, we have developed
the two-step annealed CVD-grown CNTs with a high
crystallinity and good mechanical properties (espe-
cially the Young's modulus), which may have a
potential application in nanoscale electronic devices
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such as carbon nanotube tips for atomic force
microscopy [60].

Conclusions

In this study, by examining the microstructure and
tensile properties of annealed CVD-grown CNTs, we
find that the defect healing effect of two-step
annealed CNTs (700PyC-G) is more desirable than
that of one-step annealed CNTs (Pristine-G), which is
resulted from their different structural evolution
processes. In situ tensile tests indicate that the aver-
age Young’s modulus and fracture strength of two-
step annealed CNTs are better than those of one-step
annealed CNTs, improved approximately by 35%
and 10%, respectively. The in-plane crystallite size
L,X calculated from Raman spectra can be used to
reflect the linear defect density of CNTs, and the data
fitting between tensile properties and L,X suggests
that the CNT strength and Young's modulus are
strongly dependent on the defect density along the
nanotube length. Our results provide a fundamental
study toward the structural annealing of CVD-grown
CNTs, which may contribute to the tensile property
improvement of CNTs and overcome the CNT
property limit imposed by structural defects.
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